Harris RB. Chronic and acute effects of stress on energy balance: are there appropriate animal models? Am J Physiol Regul Integr Comp Physiol 308: R250 -R265, 2015. First published December 17, 2014 doi:10.1152/ajpregu.00361.2014.-Stress activates multiple neural and endocrine systems to allow an animal to respond to and survive in a threatening environment. The corticotropin-releasing factor system is a primary initiator of this integrated response, which includes activation of the sympathetic nervous system and the hypothalamic-pituitaryadrenal (HPA) axis. The energetic response to acute stress is determined by the nature and severity of the stressor, but a typical response to an acute stressor is inhibition of food intake, increased heat production, and increased activity with sustained changes in body weight, behavior, and HPA reactivity. The effect of chronic psychological stress is more variable. In humans, chronic stress may cause weight gain in restrained eaters who show increased HPA reactivity to acute stress. This phenotype is difficult to replicate in rodent models where chronic psychological stress is more likely to cause weight loss than weight gain. An exception may be hamsters subjected to repeated bouts of social defeat or foot shock, but the data are limited. Recent reports on the food intake and body composition of subordinate members of group-housed female monkeys indicate that these animals have a similar phenotype to human stress-induced eaters, but there are a limited number of investigators with access to the model. Few stress experiments focus on energy balance, but more information on the phenotype of both humans and animal models during and after exposure to acute or chronic stress may provide novel insight into mechanisms that normally control body weight.
corticotropin-releasing factor system; comfort foods; restraint stress; chronic social stress STRESS has been defined as a state of threatened homeostasis (208) , which results in an array of physiological, neurological, and behavioral changes. Activation of the sympathetic nervous system (SNS) stimulates norepinephrine and epinephrine release from the adrenal medulla. Activation of the hypothalamicpituitary-adrenal (HPA) axis ( Fig. 1 ) releases glucocorticoids (GC) from the adrenal cortex (168) and other endocrine responses include suppression of growth hormone (135) , thyroidstimulating hormone (135) , and reproductive hormones (111) but increased prolactin release (8) .These and other physiological and behavioral responses allow an individual to respond to a change in environment but, with chronic stress, a variety of pathologies can develop that eventually become life threatening (190) . Several reviews have been published in recent years addressing the function of specific aspects of the stress-responsive systems (113, 172, 203) or the effect of stress on animal behavior (12, 132, 163) . By contrast, the focus of this review is to determine which animal models are appropriate for the investigation of stress-induced changes in energy balance.
Corticotropin-Releasing Factor System and Energy Balance
The corticotropin-releasing factor (CRF) system ( Fig. 1) is the principal initiator of endocrine and behavioral responses to stress. In rodents, the CRF system includes the neurotransmitters CRF, urocortin (Ucn I), Ucn II, and Ucn III (128, 171, 233, 236) . There are two subtypes of G protein-coupled CRF receptors (CRFR1 and CRFR2) each with multiple isoforms and different tissue distributions (94, 101, 203, 234) . CRF binding protein (CRFBP) sequesters CRF and Ucn I (100) but not Ucn II or Ucn III (128) . CRF and Ucn I are widely distributed in neurons across the brain (213) and both bind to CRFR1 and CRFR2, but CRF has a much greater affinity for CRFR1 than CRFR2 (23) , whereas Ucn, which has 45% homology to CRF, has high affinity for both receptors (78, 236) . Ucn II and III are selective ligands for CRFR2 (78, 128, 171) and have a more limited distribution than CRF or Ucn (128, 171) , but both are expressed in areas of the forebrain including the hypothalamus. The brain stem, limbic, and hypothalamic pathways that are involved in the initiation and coordination of a stress response have been reviewed in detail by Ulrich-Lai and Herman (231) . Activated SNS afferents directly target peripheral organs and stimulate the adrenal medulla to increase circulating catecholamines, allowing an immediate "fight-or-flight" response to the threat. Activation of the HPA increases circulating concentrations of GC (corticosterone in most rodents and cortisol in humans and nonhuman primates), which modify tissue metabolism to inhibit energy storage and increase glucose availability to muscle and brain. GC exert negative fast feedback to downregulate stress-induced GC and catecholamine release by inhibiting expression of CRF mRNA in the hypothalamus (64, 97) , but not the midbrain or brain stem (96), and by inhibiting activation of the SNS and pituitary gland (30, 249) . Pituitary adrenocorticotropic hormone (ACTH) also inhibits HPA activity at the level of the paraventricular nucleus of the hypothalamus (PVH), reducing the amount of CRF protein present without changing CRF mRNA expression (186) . Thus, in combination with negative feedback from the limbic system (185) , GCs inhibit HPA activity and end the endocrine response to an acute stress (Fig. 1) . For an insightful discussion of the specific and temporal aspects of different levels of HPA feedback control see the review by Watts (246) .
There is diurnal rhythmicity to ACTH and ACTH-dependent GC release, which are secreted in a pulsatile manner with brief bursts of release at approximately hourly intervals (241) . In people, plasma ACTH and cortisol levels peak in the morning and reach a nadir in the late evening (89). This pattern is reversed in nocturnally active animals (102). In conditions of acute stress ACTH concentrations reach a peak within about 5 min (63) and GC peak within 30 min and then start to decline (87). Chronic stress may increase hormone concentration at the nadir and reduce the amplitude of the diurnal cycle (58) .
Central and peripheral (217) injections of CRF (62) , Ucn I (202), Ucn II (98), and Ucn III (68) suppress food intake. Ucn I has the longest half-life and Ucn III has the shortest. A single intraperitoneal injection of Ucn I may inhibit food intake and weight gain of mice for up to 48 h, whereas a similar dose of Ucn III is effective for Ͻ2 h (217) . The potency of Ucn I is likely associated with its affinity for both CRFR1 and CRFR2 compared with the selective affinity of other endogenous CRFR ligands. Peripheral administration of Ucn I decreases both the number and size of meals, whereas Ucn II decreases meal frequency, but not meal size (69) . When Ucn II is given centrally the inhibition of food intake is delayed by several hours (98), whereas central injection of CRF produces an immediate, but transient, inhibition of food intake (115) that is due in part to an inhibition of noradrenergic activity in the PVH (114) . In the periphery, CRFR1 activation stimulates colonic transit, whereas CRFR2 activation slows gastric motility and stomach emptying (136) , potentially inhibiting food intake through peripheral sensory systems independent of direct central modulation of anorexigenic or orexigenic factors.
In addition to the effects of CRF-related ligands on food intake, the simultaneous release of GC also has a potential to modulate food intake. Low doses of GC stimulate food intake by facilitating orexigenic activity of neuropeptide Y (NPY) and norepinephrine in the PVH (222) . In addition, the diurnal rhythm of corticosterone (CORT) release has been shown to drive hypothalamic expression of agouti-related protein (AgRP) (131) , which is orexigenic and coexpressed with NPY. By contrast, high doses of CORT suppress food intake, possibly through CORT-induced insulin release, which inhibits NPY expression (207) . This interaction between GC and insulin has been hypothesized to contribute to development of visceral obesity in conditions of chronic stress (59) and is discussed in more detail below. The importance of normal HPA axis function in maintenance of homeostasis in general and energy balance specifically is demonstrated by weight loss, hypophagia, a reduced preference for dietary fat, hypoinsulinemia, and loss of body fat in adrenalectomized (ADX) animals (44, 125) . Conversely, chronic hypercortisolemia, or Cushings syndrome, is associated with obesity, an exaggerated visceral fat accumulation, insulin resistance, and an increased preference for high-fat foods (9, 42, 46) . The clinical manifestations of a "buffalo hump," a "moon face," and muscle-wasting separates visceral obesity caused by hypercortisolemia from central obesity that develops independent of a primary hormonal disturbance.
In addition to inhibiting food intake, acute activation of the CRF system increases energy expenditure (209) due to CRF and/or Ucn I stimulation of SNS outflow to brown adipose tissue (BAT) (151) and increased locomotor activity. The hypophagia produced by a single injection of CRF is greatly attenuated during chronic central CRF infusion, but weight loss is sustained, leading to the suggestion that thermogenesis is the primary cause of negative energy balance with chronically elevated CRF (5) . The increase in expenditure is initiated in the forebrain because Ucn I infused into the lateral ventricle causes the same reduction in food intake but a greater weight loss than a similar dose of Ucn I infused into the fourth ventricle (80) . A CRF-inducible SNS pathway that involves the preoptic area, the dorsomedial hypothalamus (DMH), and the raphe pallidus has been identified (45) . Thus animal models in which the CRF system is acutely stimulated lose weight because food intake is inhibited while thermogenesis and locomotor activity are increased. The CRF system is activated by both physical and psychological stressors, but this review will focus on stressors that are primarily psychological because physical stressors, such as cold exposure and exercise, induce changes in energy balance independent of activation of the CRF system.
One of the less commonly monitored responses is stressinduced hyperthermia. In laboratory rats stress can either increase or decrease body temperature depending on the type of stress that is applied (237), but psychological or mixed stressors tend to increase core body temperature in multiple species (56, 110, 133, 260) . This has been described as emotional hyperthermia because it can be blocked by anxiolytic drugs (1, 156, 225) , and changes in core temperature have been proposed as a valid screen for the anxiolytic effect of drugs (156) . In experimental animals the degree of hyperthermia is proportional to the severity of stress. Body temperature will normalize even while a mild stress continues to be applied, whereas temperature remains elevated for the duration of more severe stressors (107). A chronic 10-day central infusion of CRF produces similar changes in body temperature as those induced by chronic stress, such that body temperature is increased during both the light and dark phase and the amplitude of the diurnal rhythm is blunted (32) . The thermogenic response is slow to habituate and the rats remain hyperthermic during the first 7 days of infusion. By contrast, motor activity is increased only during the first 24 h of CRF infusion (32) . Chronic peripheral infusions of CORT do not disrupt diurnal cycles of activity or body temperature (65) , and it is clear that the hyperthermia involves centrally mediated SNS stimulation of BAT thermogenesis (194) and constriction of skin blood vessels to inhibit heat loss (157) . Stress activates neurons in the medullary raphe region (130) , which contains sympathetic glutamatergic and tryptophan hydroxylase-positive serotoninergic premotor neurons that project to BAT (152) . Blockade of ␤ 3 -adrenergic receptors or suppression of activity in glutamatergic neurons each attenuate the stress-induced hyperthermia, but neither fully blocks the response (130) . Indomethacin, an anti-inflammatory agent, has no effect on the thermogenic response to social stress in mice (130) , confirming previous reports that separate emotional thermogenesis from fever (156, 238) . There is little information on the effect of psychological stress on human core temperature (239) . Because the response is dependent on activation of BAT, it will be proportional to the amount of BAT available for activation. Rodents are usually housed below thermoneutrality and have the opportunity to develop significant brown fat depots (40) . By contrast, humans seek out thermoneutral environments and have a relatively small amount of BAT available for stress-induced thermogenesis.
Stress and Energy Balance in Humans
Because the objective of this review is to compare animal models of human stress and energy balance, it is appropriate to first describe the characteristic responses of humans and to evaluate why stress causes weight gain in some people but weight loss in others. The response to a particular stress is determined by the duration and nature of the stressor, whether it is physical or psychological, the sex of the individual experiencing the stress, and that individual's perception of the stress. This perception will be determined by familiarity with the stressful event, how much threat is considered to be associated with the stress, and availability of an appropriate support system. In the brain, multiple systems are activated and integrated to orchestrate the appropriate response to a specific stress. Although activation of the SNS and HPA optimize an immediate response to a short-lived, unpredictable environmental or physical challenge, chronic stress can lead to a variety of pathologies that eventually become life threatening (190) . GC release during one stress has the potential to modify neuronal structure and influence physiological and behavioral responses to subsequent stressors (138); thus chronic or repetitive stress produces adaptive changes that allow the body to restabilize in a challenging environment. This adaptation is referred to as allostasis, and if it is either inadequate or inappropriate, then there will be a gradual development of chronic disease (137, 139) . During the last decade there has been growing interest in the potential of chronic psychological stress as a causal factor in human obesity (201, 243) and metabolic syndrome (19) at the same time as clinicians address the maladaptive catabolic effects of sustained physiological stress to successfully treat critically ill patients (167) .
Stress and Weight Gain in Humans
It has long been recognized that there is a direct association between stress responsiveness and eating disorders in both men and women (187, 247, 256) , but more recently interest has focused on the association between everyday social stress and its impact on food choice and weight gain. An online survey of 1,848 adults conducted by the American Psychological Society in 2007 (3) found that one-third of the sample population was experiencing extreme stress caused by work responsibilities, financial issues, and children. Forty-three percent of the respondents reported that stress caused them to eat too much, whereas 36% reported that stress caused them to skip a meal. Similar results were obtained in a recent telephone poll of 2,505 adults by National Public Radio, the Robert Wood Johnson Foundation, and Harvard School of Public Health (154) , which found that 49% of the sample had experienced a major stress in the past year. The most common causes of this stress were too many responsibilities, financial problems, work-related problems, and health issues. The participants reported many different ways of responding to stress, but 44% of those "experiencing a great deal of stress" said they ate less than usual, whereas 39% said they ate more. These surveys indicate that stress has diverse effects on food intake across the population and imply that chronic stressors contribute to overeating and weight gain in only a subset of the population. Even though many people consider their job to be stressful, the available literature fails to support an association between psychosocial pressure of work and body mass index (BMI) or body fat distribution for either men or women (161, 196) . Job insecurity and high or low psychological demands at work have been shown to increase weight gain in obese individuals, but to cause weight loss in those with a low BMI (83) . Even though the work environment is frequently perceived at stressful, a recent study with a relatively small number of participants found that cortisol was higher for both sexes when they were home than when they were at work (61) .
Although cross-sectional data indicate that only some members of the population increase food intake in response to stress, because of the increasing incidence of obesity there is significant interest in the association between chronic stress, food choice, and weight gain and a general assumption that chronic stress is an independent risk factor for obesity. There have been repeated demonstrations that restrained eaters, especially women (79, 247) , are more likely to overeat in response to stress than are unrestrained eaters (91, 263). Restrained eaters make a sustained conscious effort to restrict food intake and make food choices that allow control of body weight. Thus food intake is determined by a reliance on external cues related to specific foods rather than an internal state of hunger or satiety. Although restrained eaters may have energy intakes similar to those of unrestrained eaters (204, 205) , because restraint requires extended periods of self-imposed restriction (235) , it is associated with intermittent periods of disinhibition that result in overeating and consumption of "forbidden" foods (93). Restrained eaters that experience frequent bouts of disinhibition are those most likely to overeat in response to chronic stress; thus, in order for stress to increase food intake, an individual has to be both a restrained eater and someone who is easily disinhibited (248) . A number of studies have clearly shown that stress has the potential to disinhibit restrained eaters, increasing energy intake by changing food choice to foods that have a higher carbohydrate and fat content (173, 176, 244, 247) . Yeomans and Coughlan (259) confirmed that anxiety caused disinhibition only in women who were practicing ineffective restrained eating, whereas women who were restrained and resistant to disinhibition decreased their food intake in response to stress, but increased intake in relaxed conditions. These studies confirm that stress is an independent risk factor for obesity in only a select subset of the population.
Several studies have reported that restrained eaters have normal basal cortisol concentrations (66, 166) but have a hyperreactive HPA response to stress (153, 177) . Women who showed an exaggerated cortisol response to a laboratory-based stressor also ate more on the day of stress (66) and reported consuming more snacks in response to daily "hassles" (153) . A detailed evaluation of HPA activity in women demonstrated a positive association between restraint, basal cortisol release, and impaired negative feedback of the HPA axis (224).
Comfort Food Hypothesis
The "Comfort Food" hypothesis proposed by Dallman et al. (60) provides a mechanistic explanation for why consumption of high-fat, high-carbohydrate "preferred" foods helps animals and humans cope with chronic stress but also leads to weight gain. This hypothesis developed from a series of rodent studies examining the association between chronic stress, central GC levels, activation of the HPA, sucrose intake, and body composition (60) . The first observation was that chronic elevation of GC caused by implanted CORT pellets (2) or repeated exposure to high-intensity stressors [e.g., 30 min footshock for 7 days, cold exposure for 5 days (261)] impaired the negative fast feedback activity of CORT such that there was a failure to suppress CRF expression in the PVH and an extended release of GC during exposure to a novel stress (218) . In experimental conditions, chronically elevated GC in the amygdala increased CRF mRNA expression in the PVH (193) indicating that loss of sensitivity to negative feedback was rostral to the PVH and pituitary (22) .
The second observation was that access to sucrose solution corrected ACTH and CORT secretion, hypophagia, hypoinsulinemia, inhibition of weight gain, and loss of body fat in ADX rats even though they drank only 50% as much sucrose as sham controls (16) . Sucrose also modified the central effects of ADX, preventing the increase in PVH and amygdala CRF mRNA expression and suppressing activation of the locus coeruleus (125) , an area of the brain implicated in stressinduced anxiety (33) . Thus sucrose consumption mimics the negative feedback of the HPA axis that is normally performed by GC, and it has been suggested that downregulation of CRF in the amygdala provides the neuroanatomical basis for comfort food dampening the stress response (121). Saccharin does not correct ACTH, insulin, energy intake, or weight gain in ADX rats (21, 125) , demonstrating that the negative effects of ADX are secondary to a reduced caloric deficit, and it has been proposed that the ratio of CORT to insulin determines energy balance (207) .
Evidence from studies with ADX streptozotocin (STZ) diabetic rats support the notion that insulin is the metabolic signal that downregulates CRF system activation (207) and increases the salience of food reward (122) through a mechanism that is dependent on the hepatic vagus nerve (124) . When ADX rats are replaced with chronically high levels of CORT they lose weight due to increased thermogenesis, but are hyperinsulinemic and have enlarged white fat pads with a slightly greater increase in intraperitoneal than subcutaneous fat (17), suggesting that ADX has little effect on peripheral metabolism unless circulating insulin levels are low (59) .
Consistent with the comfort food hypothesis a 4-day treatment of young, lean volunteers with the synthetic GC methylprednisolone increased food intake and body weight. The increase in food intake was macronutrient specific and involved a fourfold increase in fat intake, a threefold increase in carbohydrate intake, but only a 70% increase in protein consumption (221) . In a more recent study women with the greatest perceived stress were fatter, had a greater waist-to-hip ratio, reported more emotional eating, and had a smaller cortisol response but a greater psychological response to a laboratory-based social stress test than their controls (224) . Animal studies designed to test the comfort food hypothesis have, however, provided mixed results. Rats with access to sucrose solution, lard, and chow have a greater energy intake both before and during 5 days of 3 h of restraint compared with chow-fed controls. Stress specifically inhibits chow intake, and during restraint the rats fed comfort food have an attenuated ACTH and CORT release. Comfort foods reduce hypothalamic CRF mRNA in control animals, however, there is no effect of diet in stressed animals (165) . Additional studies have shown that access to comfort food prevents suppression of food intake, inhibits CORT release, and reduces anxiety behavior during 3 days of foot shock (159) , and that access to a cafeteria diet prevents an increase in serum CORT of rats subjected to 3 wk of chronic unpredictable mild stress (CMS) but does not prevent anxiety-type behavior (158, 262) . Thus these studies show that access to comfort foods prevents chronic stress from downregulating CORT negative feedback on the HPA axis, but the impact on various behaviors and the central mechanisms responsible for this are less well defined.
An alternative hypothesis is that consumption of palatable foods downregulates the stress response by activating reward pathways. Rats given access to 4 ml of sucrose solution on a daily basis have a reduced HPA response and fewer anxietytype behaviors following 20 min of restraint stress than rats that do not have access to sucrose (230) . The attenuation of CORT release during restraint also is present in rats given access to saccharin solution or males given the alternate pleasure of a brief daily exposure to a receptive female (230) . The dampening of the stress response is independent of sucrose metabolism because inhibition of CORT release is absent in rats gavaged with sucrose but is exaggerated if sucrose is consumed in two daily exposures compared with one longer exposure that delivers the same amount of sucrose (232) . Lesions of the basolateral amygdala (BLA), an area of the brain that integrates responses to reward in addition to stress, prevent the inhibition of CORT release by sucrose (230) , and a microarray of the BLA indicates that brief access to sucrose changes the expression of a large number of genes including some involved in synaptic remodeling (230) . Therefore, it is proposed that access to pleasurable activity, including consumption of preferred foods, downregulates the stress response through reward-based structural plasticity. This is supported by observations that the stress-dampening effect is sustained for at least 21 days after sucrose has been withdrawn (50) . It should be noted that the reward and comfort food hypotheses are conceptually different in that the first suggests that pleasurable activity dampens the response to a novel acute stress (230) , whereas the second proposes that consumption of palatable, energy-dense foods during chronic stress prevents an adaptation that makes the HPA axis hyperresponsive to subsequent stressors. Both of these paradigms appear at odds with evidence of increased anxiety in rats deprived of intermittent binging on sucrose solution (53) . The large meals of sucrose in binging rats sensitize central reward systems and induce a state typical of addiction (18, 53, 54, 169) . The increased anxiety in nonstressed bingeing rats that are deprived of sucrose is one manifestation of withdrawal. This is very different from protocols in which access to comfort foods or pleasurable experiences suppress stress responsiveness.
By contrast to the studies that suggest that consumption of "comfort foods" suppress the stress response there are others showing that a high-fat diet exaggerates the stress response.
Rats fed a 40% kcal fat diet have elevated basal CORT levels with a greater effect of diet at 7 than at 21 days (220). CORT also takes longer to return to baseline after stress, and this is apparent for up to 12 wk of high-fat feeding (103, 220). The form in which dietary fat is consumed, rather than energy consumed as fat, determines the HPA response to stress. Rats offered a choice of chow and lard for 7 days have a dampened HPA response to restraint compared with controls or rats consuming a formulated high-fat diet (123) . Exposing animals to a high-fat diet for extended periods of time attenuates stress-induced anxiety-type behavior (34) but exaggerates hypophagia and weight loss (70, 126) , suggesting that responses mediated by CRFR2 are exaggerated, whereas those that are CRR1-dependent are downregulated. A limitation of these studies is that it is impossible to separate the effects of diet composition from that of obesity.
Stress and Weight Loss in Humans
Although it is well established that chronic physiological stress associated with critical illness can result in significant weight loss (167) , there is only a small amount of literature on weight loss caused by psychological stress in humans. A review of 13 cross-sectional studies, including a total of 160,000 adults, found a U-shaped association between chronic work-related psychosocial stress and BMI in that stress was higher in underweight, overweight, and obese individuals compared with normal weight individuals. In a longitudinal analysis, an increase in job-related stress was associated with a similar odds ratio for development of obesity as for weight loss over 4 years (155). Block et al. (26) used self-report of BMI and stress in 1,552 adults to show that over a 9-year period psychosocial stress was associated with weight loss in those with a low BMI and weight gain in those with a high BMI. A similar relation has been reported for men in a 5-year follow-up of ϳ8,000 British civil servants, but there was no association between job stress and weight change in women (109) . In contrast to these studies, Stone and Brownell (206) examined 12 wk daily diaries of 158 subjects and found that both men and women were more likely to eat less than to eat more on stressful days. In addition to this information on chronic stress, there are some reports of weight loss in response to a traumatic event. A major life crisis in elderly adults, such as loss of a spouse, has been shown to cause a substantial inhibition of food intake and weight loss, both of which are reversed over time (250) . The limited number of reports on weight loss caused by psychological stress in humans clearly indicates that this is not considered to be a significant health issue. By contrast, as discussed in detail below, weight loss is the predominant response in animal models of stress.
Animal Models of Stress-Induced Weight Loss
Research into stress-induced weight gain dominates the human literature, but weight loss is the most common outcome in experimental animal stress studies. This may be because a majority of laboratory-induced stressors are acute and nonpredictable and because experimental animals do not usually have access to a variety of palatable foods. Laboratory animals (most commonly rats and mice) are likely to have a more uniform genetic background than participants in a human study and the number of animals in a laboratory-based study is unlikely to be large enough to parse out a bimodal distribution. Even if there are individual differences in stress-responsiveness of these animals, weight loss predominates and only the most frequently used stress procedures will be considered here.
Restraint and immobilization stress. Restraint stress is one of the most commonly used protocols for acute stress in laboratory rats and mice and has been the subject of a number of reviews (37, 72, 162) . The procedure involves physically confining the animal to a holder that prevents locomotion, turning or crouching, but that is not restrictive enough to cause pressure on internal organs. Restraint has been achieved using Plexiglas tubes, decapicones, wire mesh holders, cut-off plastic bottles, or by wrapping animals in a towel (37) . This confinement is a combined physical and psychological stress that may last for only minutes (105) or for hours (223) and there is no major energetic demand or physical injury. The stress is technically simple, uniform, and easily replicated. Immobilization stress is a more severe variant of restraint in which the animal is laid on either its front or its back and is immobilized by taping or tying down its limbs and sometimes head movement is limited by putting loops over the neck. This obviously produces more physical distress than restraint and is overall a more severe stress (7) .
Prolonged (up to 18 h) exposure to restraint (223) or the combination of cold water immersion and restraint for 3.5 h (90) causes gastric ulcers, which would have a nonspecific inhibitory effect on food intake and general health of the animals. By contrast to these experiments, investigations of behavioral and neuroendocrine mechanisms use periods of restraint that last for minutes or several hours. In group-housed, 250-g rats brief, 20-min periods of restraint stimulate food intake during the hour immediately following restraint even though CORT does not change (13) . Because weight gain also can be induced by brief handling of unstressed animals (13), it is possible that this results from a generalized arousal of the animals rather than a specific effect of restraint. By contrast, two bouts of 20 min of restraint 9 days apart each increase serum CORT and cause weight loss in single housed, 450-g, low-fat-fed rats, but weight gain in high-fat-fed rats susceptible to diet-induced obesity (144) . The weight gain is independent of any change in PVH CRF mRNA, but is associated with a decrease in CRF mRNA in the central nucleus of the amygdala (144) . Longer periods of restraint stress reliably induce a state of negative energy balance in addition to anxiety-type behaviors and learning deficits. In mice, 30 min of restraint significantly inhibits food intake for 4 h (212), whereas the more severe stress of 20 min immobilization inhibits food intake for up to 3 days (57). In rats, a single 3-h restraint elevates serum CORT and increases energy expenditure only during restraint (86), and stress-induced hyperthermia is corrected within an hour of the end of restraint (85) , but food intake is inhibited for up to 9 h and body weight is reduced compared with controls for at least 10 days after the restraint (178) . Weight loss is exaggerated if restraint is repeated each day, with a maximal effect after 3 days, but if these rats are exposed to a second bout of repeated restraint they experience additional weight loss (85) . Food intake is inhibited on the days of restraint, but returns to control levels within a few days of the end of stress, with no attempt to overeat (87). The rats lose weight on the days of restraint but do not compensate for the weight loss and continue to weigh less than controls for at least 40 days after the end of stress (87). Initially, all of the difference in weight is accounted for by loss of lean body mass, but 5 days after the end of restraint the difference is a combination of lean and fat tissue (265) due to a temporary shift in adipocyte and liver metabolism (264, 265). This results in the rats being smaller, but having a proportionally similar body composition as controls.
The weight loss in restrained rats is not dependent on energy status during restraint (85) but can be prevented if rats are offered lard and 30% sucrose in addition to chow. The prevention of weight loss is associated with downregulation of HPA activation during restraint (165) , and the importance of CORT in the initiation of long-term weight loss has been confirmed using ADX rats with and without an injection of CORT immediately before the start of restraint (188) . The central mechanisms responsible for initiation of the long-term downregulation of body weight have not been identified, but receptors accessible to third ventricle infusion of antalarmin, a CRFR1-specific antagonist, are required for the sustained reduction in body weight (48) . These receptors are not responsible for an inhibition of food intake or a reversible reduction in body weight that are apparent on the days of restraint (48) . In addition to showing a sustained reduction in body weight, restrained rats remain hyperresponsive to novel acute stressors (47, 84) . Exposure of previously stressed rats to a second stress leads to an exaggerated ACTH and CORT release (38, 134, 175) that is associated with a reduced number of hippocampal GCR (35, 134) and a reduction in CRFBP during the days immediately following stress (219) . Third ventricle infusion of CRFR antagonists before restraint does not prevent this change in HPA sensitivity (49) , suggesting that restraint produces long-lasting changes in the function of multiple control systems, consistent with observations that a single exposure to the stress of social defeat causes sustained changes in serotonergic and noradrenergic systems (20, 34) .
The effects of restraint on energy balance are age dependent. Young, 3-mo-old rats are hyperthermic for 12 h after a 3-h restraint, whereas 21-mo-old rats are not (31) . By contrast, young (5 wk old) rats rapidly recover weight loss after 3 days of 3 h of restraint, whereas older (300 g) rats maintain a reduced weight for at least 40 days (87). The age-related differences in response may be determined by testosterone, which can alter central regulation of HPA activity (74) . Weight loss is not sex specific (Harris, RBS; unpublished observations), although a majority of studies are performed in males. Females show a greater CORT release during a 30-min restraint than males, and this is due to different levels of CRF expression in specific areas of the brain including the PVH, but is independent of the estrous cycle (11) .
Social defeat. Chronic social defeat is a combined physical and psychological stressor that has been used extensively as a mouse model of depression (117) and to investigate rewarding aspects of drug abuse (146) . Male C57BL/6 mice exposed for 5 days to a resident-intruder paradigm that involves receiving 20 bites from an aggressive resident male lose weight, exhibit depression-like behavior (118) , avoid social contact (10) , and increase their voluntary alcohol intake (119) . A single bout of defeat results in a threefold increase in serum CORT 30 min after the defeat but a 12-fold increase 24 h after the last of 12 defeats (107), indicative of the severity of the stress. A majority of this work involves male mice, because most females are not socially dominant. By contrast, California mice (Peromyscus californicus) are socially aggressive (197) . The social defeat produces a greater increase in serum CORT and inhibition of social interaction in subordinate females than males (227, 228) , but the effect of social defeat on body weight of the females has not been reported.
Anxiety and weight loss in male-defeated mice develop even when physical contact is minimized, but the intruder and resident are housed in constant sensory contact on opposite sides of a vented partition (106). Detailed analysis of behavior in individual C57BL/6 mice subjected to 10 days of 10 min of social defeat reveals different phenotypes in the defeated mice: "Susceptible" mice lose weight, reduce preference for sucrose solution, and reduce social interaction. By contrast, "unsusceptible" mice cannot be differentiated from controls based on body weight or behavior (116) . The differences are independent of CORT release or anxiety-type behavior, but susceptibility is associated with increased activity of dopamine neurons in the ventral tegmental area (VTA), part of the limbic reward system. Interestingly, there are more changes in gene expression in the VTA from unsusceptible than susceptible mice, implying that resistance to social defeat is an active, rather than passive, response. The Chinese tree shrew (Tupaia belangeri chinensis) is a small mammal intermediate between insectivores and primates that is also used as a model for stressinduced depression. Subordinate males subjected to an hour a day of social defeat followed by sensory contact for the remainder of the day (55) respond in a similar manner to mice and display hypercortisolemia, anhedonia, and reduced activity. They also lose ϳ6% of body weight, which is not readily recovered when stress ends (242) .
Social defeat produces similar physiological and behavioral responses in rats as it does in mice, and these were reviewed by Bulwalda et al. (36) . Subordinate rats exposed to an aggressive dominant male for a few minutes each day for several weeks gain weight more slowly than controls even though they do not remain in sensory contact with the dominant male (179) . A single 1-h exposure to an aggressive resident rat can cause a sustained hyperthermia, reduced activity, and inhibition of food intake and weight gain for 8 days (140) . The severity of response is inversely related to the ability of the subordinate to fight back rather than the number of attacks made by the resident (141) . Housing conditions also influence the rate of recovery of the subordinate as single-housed rats fail to gain weight, show anxiety-type behavior, and are hyperresponsive to acute stressors for several weeks after a defeat, whereas group-housed subordinates recover within days of the defeat (175, 240) . These data suggest that the long-lasting response to a single stress results from modification of control systems during the poststress period and that this is prevented by social interaction with nonaggressive cage mates.
Chronic mild stress. Another common rat model of combined physical and psychological stress is the CMS protocol in which animals are exposed to a different stressor each day for a number of weeks (88, 252) and has been reviewed in detail by Willner (251) . This is considered a reliable model of depression because the rats show anxiety-type behavior and anhedonia (253) . Food intake is inhibited during CMS (88), but these measures are not entirely reliable because some of the mild stressors interfere with normal feeding and others make it difficult to accurately measure intake. There is a steady inhibition of growth in both male and female CMS rats (67, 170) and in mice offered high-fat diet (143) . The severity of each stress in this protocol is less than the resident-intruder protocol, but the unpredictability of the procedure increases the degree of psychological stress imposed. Because each laboratory uses a different number and type of stressor, there is some variability in study outcomes and there is no information on whether the weight loss is reversible once the stress protocol ends.
Glucocorticoid infusion. As noted above loss of adrenal hormones in ADX rats causes a significant reduction in food intake that can be restored by replacement of aldosterone and CORT. The aldosterone stimulates fluid intake, but CORT stimulates food intake and increases insulin release (183) . CORT lowers PVH CRF expression (189) , and acute injections of CRF facilitate the stimulation of carbohydrate intake by NPY and norepinephrine in ADX rats (222) . By contrast, sustained supraphysiological replacement doses of CORT suppress food intake. The high levels of CORT stimulate insulin release which, in turn, downregulates NPY expression to suppress food intake. Insulin also promotes fat storage in the periphery at the same time as CORT has a catabolic effect on lean tissue (183) . Rats infused with high-dose CORT are in a catabolic state, but have relatively large intraabdominal fat depots (17) due to a simultaneous, site-specific stimulation of both lipolysis and adipocyte proliferation (39) . Unlike rats and mice, hamster species secrete both cortisol and CORT and each of which is regulated independently (160) . Although both CORT and cortisol are increased by acute stress, only cortisol shows a sustained elevation in response to chronic stress (160) . Daily injections of either GC have no effect on body weight, whereas chronic infusion of cortisol, but not CORT, causes hyperinsulinemia, weight loss, and reduced body fat without changing food intake (200) . Thus chronic elevation of GC alone does not replicate the obese phenotype typical of Cushing's syndrome even though it does cause a redistribution of adipose tissue to the viscera.
Animal Models of Stress-Induced Weight Gain
As discussed above, inhibition of food intake and weight loss are typical physiological responses to stress, but the increasing incidence of obesity has led to development of experimental animal models that can be used to investigate the association between chronic stress and weight gain in humans (see Table 1 ). Different methods of inducing stress in rodents and other animal models produce divergent behavioral and physiological responses (25) , but it has been suggested that chronic social stress is more typical of stressful events in an animal's natural habitat in addition to representing the etiology of stress-related disorders in humans (25, 112) .
Tail pinch. There is little literature associating acute stress with overeating or weight gain; however, Rowland and Antelman (174) found that tail-pinch caused rats to immediately start eating if food was present. The oral responses to tail-pinch include gnawing, licking, and eating (4) and are dependent on activation of the striatal dopaminergic system. Weight gain is achieved if the procedure is performed repeatedly each day when rats have access to sweetened milk, but cannot be replicated in chow-fed rats (73, 127) . Tail-pinch-induced eating can be blocked by opiate receptor antagonists (150), by CRFR1 antagonists (181), and by a variety of hormones and neuropeptides known to influence feeding behavior (73, 127) even though behavioral analysis of young animals indicates a difference between stress-induced feeding and hunger (210) . The feeding response is likely a nonspecific behavior because tail-pinch also initiates maternal behaviors in dams with pups (211) and sexual behavior in males (129) . Consistent with this, it has been proposed that mastication is a coping response that downregulates the HPA axis (92), the stress-induced increase in striatal dopamine (75) , and the stress-induced suppression of spatial memory (147) . More recently bingeing on palatable food has been reported in a rat model that combines repeated food restriction and stress (27, 82) . The bingeing is driven by sensitization of opioid receptors (28, 81) and does not result in weight gain. It has been proposed that the history of food restriction, maintenance of normal body weight, and bingeing on palatable food represents a model of bulimia nervosa (52, 82) .
Social conflict. By direct contrast to studies described above in which defeated mice lose weight, there are some recent studies in which subchronic and mild social defeat result in reversible weight gain of the defeated animal. Moles et al. (148) reported that subordinate male NMRI mice housed in continuous visual, olfactory, and auditory contact with a dominant male and intermittently exposed to short periods of physical contact with the same dominant male each day for 8 days gain more weight than either individually housed, nonstressed controls or dominant male mice. Both subordinate and dominant mice eat more than controls, but only the subordinate is heavier because of increased nonactivity energy expenditure in the dominant mouse. In other studies, however, Swiss CD1 mice subjected to the same protocol gain less weight and have smaller epididymal fat pads than their controls (15), or eat more, but gain the same amount of weight and are equally fat as CD-1 controls (182) . When the mice are offered a high-fat diet subordinate mice gain more weight than group-housed controls and are fatter than dominant mice, but are no fatter than nonstressed mice (14, 182) . In a similar protocol offering mice continuous access to chow, but also 4 h access to high-fat diet each day, subordinates eat more than nonstressed controls and gain weight during stress (164) . The increase in energy intake is associated with a threefold increase in chow intake but a 20% reduction in consumption of high-fat diet (164) . Once the stress ends young (8 wk old) subordinate mice normalize their food intake and start to lose weight, whereas 6-mo-old stressed mice are significantly fatter than their controls and hypothalamic expression of the orexigenic peptides NPY and agouti-related protein (AgRP) are elevated even 2 wk after stress has ended (164) .
Stress-induced weight gain is associated with a significant increase in circulating ghrelin that is reversed during recovery (164) . Ghrelin is a hormone that is increased in states of hunger (226) , stimulates food intake (257) , and increases adiposity with repeated administration (229) . The increased weight gain of defeated mice is associated with increased food intake due to larger meal size, which correlates with elevated ghrelin concentrations before the start of feeding (51, 120) . Consistent with the potential for ghrelin to promote food intake during stress, wild-type mice receiving central infusions of ghrelin receptor antagonist or ghrelin knock-out mice do not gain weight during chronic stress (164) .
Mice also gain weight on a modified social stress protocol in which the subordinate is subjected to progressively shorter durations of exposure to different dominant resident mice each day, starting with 10 min on day 1 and ending with only 0.5 Summary of phenotype of humans who are susceptible to stress-induced weight gain and animal models of stress-induced weight gain. Empty boxes indicate that the parameter has not been reported. GC, glucocorticoid; HPA, hypothalamic pituitary adrenal axis; DST, dexamethasone suppression test; ACTH, adrenocorticotropic hormone. min on day 10 (77). The subordinate C57BL/6 mouse gains more weight than controls during stress and maintains this weight difference throughout a 30-day poststress period. Water intake of the mice is substantially increased on the days of stress, but food intake is increased only during the recovery period. Even though the defeated mice weigh more than controls, this is due to an increase in body water content, and at the end of the 30-day recovery period there are no differences in fat pad size, which tend to be smaller in the defeated mice (P Ͻ 0.1). Overall, weight gain in socially defeated mice is inconsistent and composition of the gain may be determined by the specifics of experimental protocol that is used.
Weight gain is more consistent in chronically stressed Syrian hamsters. In 1988 Borer et al. (29) reported that group-housed female golden Syrian hamsters grew faster and gained 50% more body fat than single-housed controls. The increased weight gain was attributed to a reduction in heat loss due to huddling by the group-housed animals. Subsequently, Meisel et al. (142) repeated the experiment and noted that not only were growth and adiposity increased, but that adrenals were enlarged in group-housed animals and concluded that group housing animals that were normally individually housed represented a model of chronic social stress. This work was followed up in studies in which male Syrian hamsters were subjected to daily 7-min sessions of social defeat in a resident intruder test (71, 199) . Weight gain was apparent in submissive intruders within 5 days and did not differ between animals that were subjected to social defeat on 4 consecutive days or on 4 days distributed across the first 10 days of the study. Weight gain was associated with a small, but significant, increase in cumulative food intake and an increase in feed efficiency (71) . Importantly, neither weight gain nor cumulative energy intake of subordinates returned to control levels once the social stress ended. In a second study mesenteric fat was the only fat depot that significantly increased in the subordinate animals (199) , suggesting a link between stress, abdominal fat deposition, and increased risk for chronic disease, but this was not the case for the first experiment in which all of the measured fat depots were significantly larger in subordinate than control animals (71) . The dominant animals also gained more weight than controls, but the gain was not as great as that in the subordinates and was due to increased lean tissue, not body fat (199) . Foot-shock induces identical increases in body fat and feed efficiency in hamsters (199) , whereas repeated restraint stress decreases food intake and causes weight loss (108) suggesting that the weight gain could be generalized to some, but not all types of chronic stress.
As noted above, an attempt to replicate stress-induced weight gain with chronic infusions of GC into adrenal-intact animals was unsuccessful (200) . One reason may be because endogenous GC are released in hourly bursts which are necessary for maintenance of normal HPA responsiveness, and it is likely that a stable high level of cortisol activates different GR and MR populations from those that respond to the acute stimulation of GC release during a social defeat encounter. Increased growth and accumulation of fat mass in socialdefeated hamsters remains uncorrected once stress ends, but it is not known whether this also is the case for humans subjected to chronic stress. Therefore, further work is required to elucidate the mechanistic basis of weight gain and a more in-depth evaluation of the human phenotype is required to determine whether hamsters represent a good model for chronic psychological stress in humans.
The reason for the dramatic difference between animals that lose weight during social stress compared with those that gain weight has not been explained. Because different strains of mice respond differently to the same stressor (191, 192) , it is possible that mouse strain impacts the response of the submissive mouse or even the degree of aggression displayed by the resident mouse. C57BL/6 mice, however, have been used in studies that show either weight gain (77) or weight loss (118) . One consistent difference is that the degree of stress is greater in experiments where subordinate mice lose weight (77, 148) . Consistent with this the aggressive behavior of Syrian hamsters is ritualized such that the physical damage to the subordinate is limited compared with that sustained by subordinate mice (95). Despite the reduced level of physical stress in animals that gain weight, there remains a significant level of psychological stress because chronic social stress induces social avoidance behavior irrespective of whether mice gain (77) or lose (70) weight.
Chronic social stress. A unique social stressor in laboratory rats is the visible burrow system (VBS) (24) . The burrow consists of a large chamber divided into an open surface area that is lit 12 h/day and several smaller dark chambers connected to the surface area by tunnels. Food and water are available in both the open area and small chambers (216) . Mixed gender groups of rats are housed together in the burrow which results in one of the males becoming dominant and the remaining males being subordinate. The subordinate rats have elevated CORT, low testosterone, are hypophagic, and lose weight. They have enlarged adrenals, small thymus glands, a greatly blunted CORT response to novel stress, and changes in brain neurotransmitters typical of depression (24, 214, 215) . The dominant rats also have a slightly reduced body weight, enlarged adrenals, and small thymus glands, but maintain normal testosterone levels and respond normally to an acute novel stress (215) . Once the rats are separated and stress ends the subordinate rats overeat until body weight has returned to control levels, but fat depots are larger than controls with a greater proportion of fat deposited in intraperitoneal than subcutaneous depots (216) . In this model of continuous stress, consumption of a high-fat diet does not protect the animals against weight loss during stress, but does exaggerate fat gain during recovery (214) . The mechanism for poststress weight gain has not been determined, but subordinate animals that lose weight have an elevated HPA response to acute stress (180) , and it is possible that HPA reactivity during the early stages of recovery facilitate overeating and fat gain.
Housing of nonhuman primates in social groups has allowed investigation of behavior in an environment that is comparable to the VBS in rats because the captive monkeys develop a social hierarchy that induces a state of chronic stress in subordinates (184) . Subordinate members of groups of female cymologous monkeys housed in experimental conditions tend to be socially isolated, fearful, dexamethasone insensitive, and hypersensitive to ACTH (195) . The recent development of an electronic chip detection system has allowed precise monitoring of food intake of individual members of colonies of female macaques (254) . Subordinate monkeys consistently eat more than the dominant females regardless of dietary composition or choice (254) , consuming large meals and increasing night-time eating (149) . Consistent with the comfort food hypothesis, subordinate monkeys have an exaggerated preference for highfat diet, which increases their weight gain and reduces anxietytype behaviors (6) . The increased intake of subordinates has been attributed to a greater sensitivity to postprandial ghrelin (145) that increases intake by selectively stimulating intake of the low-fat diet. By contrast, ghrelin suppresses food intake of dominant animals by selectively inhibiting intake of low-fat diet (145) . Astressin B, a nonspecific CRFR antagonist that does not cross the blood-brain barrier, significantly inhibits intake of both low-and high-fat diet in dominant animals but selectively increases intake of the high-fat diet without changing intake of the low-fat diet in subordinates, despite decreasing serum cortisol (145) . By contrast, antalarmin, a CRFR1 antagonist that can cross the blood-brain barrier, suppresses intake of subordinate monkeys to the same levels as in dominant animals (255) . These results imply that although the subordinates have a preference for palatable high-fat diet, consumption is not directly driven by cortisol, but does result from activation of the central CRF system.
The reason for the difference in response between subordinate rats in the VBS compared with subordinates in a monkey colony has not been explored. Both animals are subjected to continuous social stress, but an obvious difference is that the rats in the VBS are male, whereas the monkeys are females, and it is possible that there a sex effect on response to social stress, similar to that in humans. Another potential physiological factor is the role of emotional hyperthermia. The monkeys are housed in outside enclosures in the southeast United States where ambient temperature is close to thermoneutrality [25-28°C for a monkey (245)], whereas the rats are in an environmental-controlled facility where ambient temperature is likely to be 8 or 9°C below neutral temperature [ϳ30°C for a rodent (76) ]. It is possible that environmental temperature inhibits stimulation of thermogenesis in monkeys to prevent an excessive elevation of body temperature, but irrespective of differences in heat loss, stress has opposite effects on food intake in the rats versus the monkeys, presumably due to differences in central neuroendocrine responses to the chronic stress.
Glucocorticoid infusion. Unlike Syrian hamsters (200) and rats, ADX has little sustained effect on food intake or body weight of wild-type mice (43, 198) , but GC replacement at supraphysiological levels stimulates food intake even in CRF knockout mice (99). These data indicate a direct effect of GC, rather than a downregulation of central CRF by GC, which stimulates food intake. In a study with intact mice (104) water was replaced with solution of 25 or 100 ug/ml CORT for 4 wk. Mice offered the high-dose CORT, ate more, were less active, and gained twice as much body weight and fat as the control and low-dose animals. Serum CORT was increased threefold only during the dark phase in mice drinking low-dose CORT, but was increased 10-fold during both the light and dark phase in mice offered high-dose CORT. Adrenal weights were significantly reduced by both levels of CORT indicative of effective negative feedback control. The weight gain in these mice, compared with weight loss in cortisol-treated Syrian hamsters (200) or CORT-treated rats, reflect a clear species effect on the relation between HPA activity and energy balance; however, the benefit of adding CORT to drinking water means that CORT intake will be determined by food intake, which is greater at night than during the day in mice. Thus diurnal periodicity is layered on top of an elevated basal CORT level, which is similar to that found in Cushing's syndrome, but different from the majority of obese individuals who maintain normal circadian cortical release (258) . Weight gain and changes in tissue morphology are fully reversible once the CORT is withdrawn (41) .
Perspectives and Significance
Activation of CRF and SNS systems during stress can have potent effects on food intake. In humans an acute trauma (250) or chronic physiological stress (167) will suppress appetite and cause wasting. This catabolic effect is reflected uniformly in laboratory animal models of acute mixed physical and psychological stress (32) , is exaggerated if the acute stress is repeated on a daily basis (85), and is not reversed once stress ends (87). A reduced body weight is not the only prolonged response to acute stress because rats and mice show an exaggerated HPA response to acute novel stress and anxiety-type behaviors in the poststress period (140, 141) . By contrast, chronic psychological stress may cause either weight loss or weight gain in humans (155) . The current high incidence of obesity has led to a significant interest in stress-induced weight gain, even though it is apparent for only a subset of the general population and it is not clear which aspects of daily life are perceived as stressful (61) . Several animal models of chronic stress have been developed to explore the association between psychological stress and obesity (see Table 1 ). Mouse models of social defeat, which have the potential to be the most useful due to availability of transgenics, are not entirely reliable (70, 148) . Syrian hamsters may provide a reproducible model of stress-induced weight gain, but this needs to be confirmed as currently there are only two papers reporting on this model (71, 199) . Energy balance in the subordinate member of monkey colonies may represent another good model of human social stress (255); however, there are few investigators who have access to these animals and the opportunity for invasive end points is more limited than with rodent studies.
Few of the experiments that include measures of food intake and body weight are designed to investigate energy balance because a majority of stress research is focused on anxiety and depression. To understand the relation between acute or chronic stress and energy balance in humans, it will be necessary not only to establish and fully characterize reliable experimental animal models, but also to gather more information on the phenotype of human subjects both during and after exposure to stress. Even though current interest is focused on stress and weight gain, insight into mechanisms of sustained weight loss in animal models of acute or chronic stress has the potential to provide a better understanding of central and peripheral mechanisms that control body weight and may even provide new opportunities to develop interventions for inducing weight loss in nonstressed individuals who are overweight. 
